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Abstract Pharmaceutical pollutants are commonly

detected in freshwater ecosystems around the world and

have biological effects on aquatic organisms. However,

current understanding of the influence this contaminant

class has on freshwater communities and ecosystems is

lacking. Recently the scientific community has called for

research focusing on certain pharmaceuticals due to their

ubiquity and potential toxicity. Carbamazepine is one of

these pharmaceuticals. To better understand the effect

carbamazepine has on life history characteristics of aquatic

organisms and consumer-resource interactions, we quanti-

fied the influence of carbamazepine on the development,

growth and behavior of mayfly nymphs (Stenonema sp.)

and the alterations in food consumer-resource interactions

between Stenonema and algae (Chaetophora). Microcosms

were assembled in a factorial design containing algae and

mayfly nymphs native to central Indiana and dosed with

environmentally relevant concentrations of carbamazepine.

From this ecotoxicological experiment we were able to

infer that carbamazepine at 2,000 ng/L influenced the

development and behavior of Stenonema nymphs and the

body dimensions of adult individuals. However, it appears

that carbamazepine does not influence consumer-resource

interactions at concentrations found in surface waters. The

pharmaceutical carbamazepine may influence the behavior,

growth and development of mayflies, which could have

significant consequences at the population, community and

ecosystem level.

Keywords Freshwater � Trace organic pollutants �
Macroinvertebrate � Non-lethal effects

Introduction

Emerging contaminants such as nutrients, heavy metals and

organic pollutants are continuously entering freshwater

ecosystems at trace concentrations (Murray et al. 2010).

While research has provided insight into the effects of

nutrients (Carpenter et al. 1998), heavy metals (Runck

2007) and pesticides (Relyea 2005), there is little under-

standing of the effects of pharmaceutical pollutants

(Hughes et al. 2013). Pharmaceuticals enter surface waters

through effluent from wastewater treatment (WWTP; Rosi-

Marshall and Royer 2012), septic tank leaching (Bunch and

Bernot 2011) and agricultural runoff (Veach and Bernot

2011; Bernot et al. 2013). Therefore, freshwater organisms

are exposed to the biological properties of pharmaceuticals

and are influenced throughout their life cycles (Hughes

et al. 2013). Currently, there is a critical need for assess-

ments investigating the effects of pharmaceuticals on

freshwater ecosystems (Rosi-Marshall and Royer 2012).

While hundreds of pharmaceuticals including antibiotics

and psychiatric drugs enter freshwater ecosystems, recent

research has emphasized the need for assessments focused

on specific pharmaceutical compounds due to their per-

sistence, potential toxicity and widespread usage. Among

these is carbamazepine (5H-dibenz[b,f]azepine-5-carbox-

amide), which is one of the most commonly detected

pharmaceuticals globally (Hughes et al. 2013). Worldwide

concentrations range from 0.5 to 11,561 ng/L (Loos et al.

2009, Ferguson et al. 2013) with a detection frequency of

85 % across sites sampled (Hughes et al. 2013). Carbam-

azepine is a psychiatric drug used to treat epilepsy, bipolar

disorder, chronic nerve conditions and addiction by

blocking sodium channels and reducing the firing of neu-

rons (Porter and Meldrum 2012). Due to limited removal

during wastewater treatment processes (5–25 % removal;
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Miao et al. 2005), a moderate affinity for binding to sedi-

ments (log KOW = 2.25; Löffler et al. 2005) and a long

half-life (82 days in field conditions; Lam et al. 2004),

carbamazepine is persistent in freshwater ecosystems.

Thus, freshwater organisms are likely continuously

exposed to carbamazepine.

Exposure to carbamazepine is not likely to result in

lethal toxicity due to high lethal concentrations

(LC50 [ 4 mg/L in Chironomus riparius and Lumbriculus

variegatus) (Nentwig et al. 2004), which are orders of

magnitude higher than environmentally relevant concen-

trations. However, chronic exposure to carbamazepine can

have sub-lethal effects on organisms, in which alterations

in behavior (Quinn et al. 2008; Brandão et al. 2013),

development (Nentwig et al. 2004; Oetken et al. 2005),

reproductive success (Lürling et al. 2006; Lamichhane

et al. 2013), and feeding rates (Quinn et al. 2008) have

been observed. While many of these studies have focused

on carbamazepine concentrations that were not environ-

mentally relevant, the findings indicate that carbamazepine

may influence freshwater organisms and adversely affect

ecosystem dynamics.

Studies assessing the potential effects of carbamazepine

in aquatic environments have primarily focused on single-

species toxicity tests using organisms relatively tolerant of

organic pollution (Nentwig et al. 2004; Oetken et al. 2005).

However, little has been done to determine the influence of

carbamazepine on moderately sensitive aquatic organisms

(e.g. stoneflies, mayflies and caddisflies), nor on commu-

nity and ecosystem dynamics (Relyea and Hoverman 2006;

Clements and Rohr 2009; Rosi-Marshall and Royer 2012).

Aquatic insects such as mayflies are important members of

the freshwater community, playing critical roles in nutrient

cycling and decomposition, and are a fundamental link in

freshwater food webs (McCafferty 1981). Therefore,

alterations in the mayfly population have the potential to

influence communities and ecosystems. In order to fully

understand the effect of carbamazepine in freshwater eco-

systems, more extensive work assessing carbamazepine

influence on food web and community interactions is

needed.

The objectives of this study were to: (1) determine the

effects of environmentally relevant concentrations of car-

bamazepine on Stenonema nymphal (Ephemeroptera:

Heptageniidae) development, growth and behavior and, (2)

assess the influence of carbamazepine on interactions

between Stenonema nymphs and Chaetophora algae

(Chlorophycaeae: Chaetophoraceae). Stenonema were

selected for study due to their relative abundance in central

Indiana and importance in North American streams

(McCafferty 1981). We hypothesized that carbamazepine

would directly alter the behavior, development, food

resource depletion and growth of Stenonema and indirectly

influence the growth of Chaetophora. Therefore, we pre-

dicted carbamazepine would have top-down effects on

consumer-resource interactions.

Materials and methods

Experimental design

A 6 9 2 factorial design of a range of six carbamazepine

concentrations and the presence or absence of a primary

producer (Chaetophora sp.) or a primary consumer (Steno-

nema sp.; Fig. 1) was used to assess the effects of carbam-

azepine on consumer-resource interactions and the

development and behavior of aquatic insects. Organismal

treatments included nothing, algae only, mayfly only and

algae ? mayfly; carbamazepine treatments included meth-

anol and 0, 2, 20, 200, and 2,000 ng/L. Each combination of

carbamazepine and organism treatment was replicated four

times (N = 4 organismal treatments 9 6 carbamazepine

treatments 9 4 replicates each = 96 total microcosms).

Microcosms (236 mL glass jars) were maintained in the

laboratory under 16:8 lighting conditions for the experiment

duration (9 days). Each microcosm contained 150 mL of

stream water collected locally [mean physiochemical char-

acteristics ± SD: pH 7.3 ± 0.11; temperature

22 ± 1.44 �C; nitrate (NO3) 0.3 ± 0.23 mg/L; phosphate

(PO4) 19.6 ± 2.85 lg/L]. A glass stone-shaped substrate

was added to each microcosm and microcosms were con-

tinuously aerated with a bubble stone and covered with

fiberglass screens. Water was replenished with stream water

as needed if there was[10 % loss (15 mL).

Experimental treatments

Carbamazepine treatments represented global environ-

mentally relevant concentrations measured in freshwaters

at 2, 20, 200 and 2,000 ng/L in addition to water and

methanol controls (Fig. 1). Carbamazepine (5H-di-

benz[b,f]azepine-5-carboxamide; CAS no 298-46-4) was

obtained from SigmaAldrich (Milwaukee, WI, USA).

Methanol was HPCL grade and obtained from SigmaAld-

rich. A stock solution of 2 mg/mL was prepared with pure

methanol ([99 %), by dissolving 0.5 g carbamazepine in

250 mL of methanol, since carbamazepine is relatively

insoluble in water (17.7 mg/L; Syracuse Physprop Data-

base 2003). Working solutions were prepared by diluting

the stock standard solution with water in each microcosm

so that the total volume in each microcosm was \0.1 %

standard stock solution (0.15 mL). Nominal concentrations

(i.e., added quantity) of carbamazepine were added to 64

randomly selected microcosms as a single dose 24 h after

experimental set-up and introduction of organisms.
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Monitoring of organisms occurred 24 h following the addi-

tion of carbamazepine stock solution. Methanol (0.79 mg/

mL) was added to 16 randomly selected microcosms as

methanol controls, which resulted in the total volume of

these microcosms being\0.1 % methanol (0.15 mL), con-

sistent with carbamazepine treatments. Water controls

(N = 16) contained 150 mL stream water only.

Five mayfly nymphs (Stenonema sp.; hereafter ‘‘Steno-

nema’’) were added to each of 48 microcosms containing

primary consumers (organismal treatments: M only and

A ? M). Stenonema nymphs were collected from Cool Creek

in central Indiana (40�002600 N 86�702100W) on 6 May 2013.

The study organisms were transported to the laboratory in

glass jars containing stream water and natural substrate. In the

laboratory, mayflies were maintained in continuously aerated

aquaria with stream water under a light:dark photoperiod of

16:8 at a constant temperature of 20 �C ± 1 �C. The mayflies

were acclimated to laboratory conditions for 2 days prior to

experiment start and fed TetraMin fish food ad libitum. Only

active, healthy nymphs were used in the experiment as

determined by overall appearance. Each microcosm contained

roughly equal total mass and length (mean = 0.04 ± 0.01 g

and *11 ± 0.8 mm, respectively; Table 1). The mayfly

nymphs used in the experiment were of variable instars

ranging from early to final stages. Additionally, individuals

had variable initial masses (wet mass range: 0.02–0.06 g) and

lengths (mm from head to the end of the abdomen;

8.2–11.9 mm), which were measured prior to introduction

into experimental microcosms. In the event of death or

emergence of mayfly nymphs within 24 h of experimental set-

up, individuals were replaced with another nymph of similar

body dimensions (N = 16).

Algae (Chaetophora sp.; hereafter Chaetophora) were

added to each of the 48 microcosms containing primary

producers (organismal treatments: A only and A ? M),

also 24 h prior to the start of the experiment. Chaetophora

was collected on 6 May 2013 from Cool Creek in central

Indiana (40�002600 N86�702100W) and were transported to

the laboratory in glass jars filled with stream water. In the

laboratory, the algae were maintained under a light:dark

photoperiod of 16:8 in continuously aerated aquaria with

stream water at a constant temperature of 20 �C ± 1 �C.

The algae were acclimated to laboratory conditions for

2 days prior to experiment start. Initial algal mass (wet

weight ranging from 1.5 to 2 g) was measured prior to

introduction into experimental microcosms (Table 2).

Determination of mayfly response to carbamazepine

Stenonema were observed daily to determine the effects of

carbamazepine on molting, adult emergence and mortality.

Any emerged individuals (i.e., adults) were removed from

the microcosm and their gender was recorded along with

measurements of mass and body length (as for initial

dimensions). Dead nymphs and exuviae were also recorded

and removed from microcosms daily. Because methods for

determining specific instars of Ephemeroptera are unreli-

able (Fink 1982), instar classifications were not used for

designating the stage of development. Rather, colorization

of each nymph was evaluated daily to place it into one of

three ‘‘molt categories’’: 1 = a post-molt individual with

white appearance and transparency; 2 = a post-molt indi-

vidual with slightly darkened appearance or white

appearance without transparency; and, 3 = an inter-molt

individual determined by dark appearance and fully scler-

otized cuticle (Fig. 2). For purposes of this study, a post-

molt individual is a Stenonema nymph that recently molted

and has not completely sclerotized and an inter-molt

Carbamazepine treatments 
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Fig. 1 Experimental set-up of a 6 9 2 factorial design of carbam-

azepine and the presence or absence of a primary producer (algae;

Chaetophora) or a primary consumer (mayfly; Stenonema). A no

organism treatment was also included across carbamazepine treat-

ments (not depicted). Each combination of carbamazepine treatment

and presence of absence of algae and mayfly was replicated four times

(N = 96 total microcosms). Circles represent individual microcosms.

Response variables for mayflies included nymph and adult body

length and mass, behavior, molt category and the number of molts,

emergences and mortalities. Response variables for algae included

mass
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individual is fully sclerotized (Soluk 1990). Stenonema

behavior was also recorded daily for each individual

nymph. Behaviors included: running, free-swimming,

clinging to substrate (glass or bubble stone), or clinging to

algae. Stenonema typically cling to the underside of flat

stones in moderately fast flowing waters (McCafferty

1981). Therefore, running and free-swimming behaviors

were considered abnormal.

Determination of consumer-resource interaction

response to carbamazepine

After daily monitoring for mayfly responses had been per-

formed on the last day (9 days), the remaining Stenonema

nymphs and Chaetophora algae were removed and final

mass and length measurements were collected. Additionally,

each microcosm was drained to collect the remaining algae,

which was weighed for final mass. To determine how car-

bamazepine influenced consumer-resource interactions,

final mass and length of mayflies and mass of algae were

compared across organismal treatments.

Measurement of ancillary variables

Dissolved oxygen (DO), pH and temperature were mea-

sured every 2 days in each microcosm to ensure that

physiochemical characteristics remained constant. These

measurements were also made when the replenishment of

water was necessary or when material was removed from a

microcosm (such as dead nymphs and exuviae).

Statistical analyses

Data were analyzed for effects of carbamazepine on growth

of algae and behavior, molting patterns, adult emergence,

and occurrence of nymphal mortality of mayflies with the

use of Kruskal–Wallis test, due to non-normal distribution

of data, and correlation analyses. After determining there

were no differences between water and methanol controls,

these treatments were combined for future analyses. Mean

molt category and exposure duration of mayflies were

analyzed with factorial analysis of covariance (ANCOVA)

with carbamazepine treatments (0 and 2,000) as the

covariate. Additionally, all response variables were ana-

lyzed for effects due to differences in temperature,

Table 1 Mean mayfly nymph mass and length in mayfly (M) and algae ? mayfly (A ? M) treatments across nominal carbamazepine (CBZ)

concentrations

CBZ (ng/L) Mayfly (M) Algae ? Mayfly (A ? M)

Initial mass (g) Final mass (g) Initial mass (g) Final mass (g)

Water 0.04 (0.016) 0.02 (0.002) 0.04 (0.008) 0.04 (0.036)

Methanol 0.04 (0.008) 0.03 (0.011) 0.04 (0.008) 0.02 (0.005)

2 0.04 (0.016) 0.02 (0.008) 0.04 (0.007) 0.03 (0.012)

20 0.05 (0.011) 0.03 (0.010) 0.04 (0.006) 0.03 (0.003)

200 0.04 (0.014) 0.03 (0.008) 0.04 (0.009) 0.03 (0.011)

2000 0.04 (0.004) 0.03 (0.005) 0.04 (0.005) 0.03 (0.013)

CBZ (ng/L) Initial mass (g) Final mass (g) Initial mass (g) Final mass (g)

Water 9.8 (1.13) 7.6 (0.49) 10.1 (0.82) 9.6 (2.23)

Methanol 10.1 (0.46) 8.6 (1.77) 10.4 (0.72) 6.8 (0.18)

2 10.7(1.35) 8.4 (2.58) 10.5 (0.86) 8.2 (0.89)

20 11.0 (0.39) 8.4 (1.12) 9.9 (0.57) 7.6 (0.48)

200 10.1 (1.12) 8.0 (1.84) 10.5 (0.41) 8.4 (1.39)

2000 10.2 (0.45) 7.7 (0.67) 10.2 (0.58) 8.5 (0.91)

Standard deviation in parentheses. There were no significant differences in mayfly nymph mass between treatments (P [ 0.05)

Table 2 Mean algal mass in algae (A) and algae ? mayfly (A ? M)

treatments across nominal carbamazepine (CBZ) concentrations

CBZ

(ng/L)

Algae (A) Algae ? Mayfly (A ? M)

Initial

mass (g)

Final

mass (g)

Initial

mass (g)

Final

mass (g)

Water 2.87 (0.42) 0.51 (0.21) 1.54 (0.19) 0.63 (0.17)

Methanol 1.64 (0.07) 0.94 (0.35) 1.52 (0.17) 0.86 (0.35)

2 1.72 (0.13) 0.69(0.27) 1.49 (0.33) 0.56 (0.35)

20 1.53 (0.20) 0.77 (0.68) 1.71 (0.29) 0.58 (0.28)

200 1.62 (0.34) 0.91 (0.39) 1.31 (0.36) 0.60 (0.21)

2000 1.63 (0.34) 1.00 (0.27) 1.78 (0.18) 0.65 (0.29)

Standard deviation in parentheses. There were no significant differ-

ences in algae mass between treatments (p [ 0.05)
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dissolved oxygen and pH with the use of one-way ANOVA

and correlation analyses (Bonferroni correction). A sig-

nificance level of 0.05 was used for all analyses. Statistical

analyses were performed using IBM SPSS 21.0 statistical

software. Alpha was set to 0.05 for all tests.

Results

Temperature (mean = 22.88 ± 1.32 �C), pH (mean =

8.34 ± 0.22) and dissolved oxygen (DO; mean = 7.77 ±

0.53 mg/L) varied \50 % across microcosms, but did not

differ among carbamazepine and organismal treatments

(Table 3). None of the mayfly or consumer-resource

interaction responses observed were correlated with tem-

perature, pH or DO (p [ 0.05), nor were there any differ-

ences in response variables due to alterations in

temperature, pH or DO (p [ 0.05).

Mayfly responses

Nymphal molting, mortality and adult emergence

Carbamazepine had no effect on nymphal molting

(v2 = 1.17, df = 5, p = 0.95) or adult emergence of

Stenonema (v2 = 3.45, df = 5, p = 0.63; Table 4) com-

pared to the controls. Additionally, mortality did not differ

in carbamazepine and control treatments (v2 = 3.34,

df = 5, p = 0.65; Fig. 3). The presence or absence of

Chaetophora also did not influence mayfly molting,

emergence or nymph mortality in response to carbamaze-

pine (data not shown; p [ 0.05).

Changes in mayfly nymph development

Molt category of mayfly nymphs differed between the con-

trols and the 2,000 ng/L carbamazepine treatment

(F = 11.74, df = 1, p \ 0.001; Fig. 4). Specifically,

Stenonema individuals in carbamazepine treatments had up

to a 7 % lower molt category over the course of the experi-

ment compared to the controls (mean = 2.66 and 2.87 molt

category of all individuals in 2,000 and 0 ng/L, respectively).

As the carbamazepine concentration increased, the molt

category of mayfly nymphs decreased, suggesting that car-

bamazepine delayed the molting cycle of Stenonema

(p \ 0.01). It took 1–3 days for all individuals to complete a

molt cycle in the control treatment. However, in the

2,000 ng/L carbamazepine treatment, it took[9 days for all

individuals in the treatment to complete a molt cycle (Fig. 5).

Additionally, there was a negative correlation between the

molt category of individuals exposed to carbamazepine and

the number of molts and adult emergences (p = 0.002,

r = -0.148 and p = 0.034, r = -0.104, respectively).Molt

category was not affected by the organismal treatment

(v2 = 0.02, df = 1, p = 0.88). Therefore, the carbamaze-

pine treatment influenced the molt cycle of mayfly nymphs,

not the abundance or assimilation of food resources.

Fig. 2 Classification of molt categories of Stenonema nymphs.

Categories from top to bottom were: 1 = post-molt individual with

white or transparent appearance, 2 = post-molt individual with a

white appearance with transparency and 3 = inter-molt individual

dark or fully sclerotized color

Table 3 Mean mesocosm pH, temperature and dissolved oxygen

(DO) across CBZ treatments

CBZ (ng/L) pH Temperature (�C) DO (mg/L)

0 8.32 (0.25) 22.92 (0.86) 8.02 (0.55)

1 8.34 (0.20) 22.99 (0.96) 8.03 (0.52)

2 8.31 (0.24) 23.20 (1.38) 7.93 (0.64)

20 8.35 (0.19) 22.20 (0.76) 7.98 (0.40)

200 8.37 (0.17) 22.68 (0.91) 8.04 (0.49)

2000 8.31 (0.22) 22.96 (2.29) 7.99 (0.53)

Standard deviation in parentheses. There were no significant differ-

ences among treatments (p [ 0.1)
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Effects on mayfly behavior

Behaviors considered normal for flat-headed mayflies

(clinging to substrate and algae) were observed most fre-

quently (96 % of all behaviors observed) across all treat-

ments. Abnormal behaviors, including free-swimming and

running, were rare though 73 % of these abnormal

behaviors occurred in carbamazepine treatments. Free-

swimming accounted for 0.8 % of all behaviors observed

and only occurred in treatments containing carbamazepine

(mean = 0.03 individuals per treatment). The occurrence

of free-swimming was significantly different between the

controls and 2,000 ng/L carbamazepine treatment

(v2 = 4.09, df = 1, p = 0.043; Fig. 6a). Running

accounted for 3 % of all behaviors observed and occurred

in both controls and carbamazepine treatments

(mean = 0.1 individuals per treatment) across organismal

treatments. The occurrence of running increased with car-

bamazepine concentrations regardless of Chaetophora

presence (mean = 0.03–0.19 individuals per treatment)

and was significantly lower in control treatments relative to

the 2,000 ng/L carbamazepine treatment (v2 = 4.31,

df = 1, p = 0.038; Fig. 6b).

Changes in adult body dimensions

Overall, adult males (mass: 0.012–0.081 g, length:

5.9–13.7 mm) were *44 % smaller than adult females

(mass: 0.012–0.119 g, length: 10–16 mm). Over the course

Table 4 Mean number of molts and emergences in mayfly (M) and algae ? mayfly (A ? M) treatments over course of experiment across

nominal carbamazepine (CBZ) concentrations

CBZ (ng/L) Molts Emergences

Mayfly (M) Algae ? Mayfly (A ? M) Mayfly (M) Algae ? Mayfly (A ? M)

Water 0.39 (0.60) 0.41 (0.60) 0.22 (0.48) 0.25 (0.50)

Methanol 0.36 (0.83) 0.39 (0.56) 0.19 (0.58) 0.23 (0.43)

2 0.44 (0.65) 0.38 (0.74) 0.33 (0.59) 0.26 (0..67)

20 0.50 (0.74) 0.38 (0.61) 0.33 (0.68) 0.22 (0.49)

200 0.44 (0.65) 0.44 (0.69) 0.25 (0.50) 0.33 (0.63)

2000 0.45 (0.77) 0.50 (0.65) 0.36 (0.64) 0.22 (0.48)

Standard deviation in parentheses. There were no significant differences in the # of molts or emergences between treatments and control

(p [ 0.05)

Fig. 3 Mean mortality of mayfly nymphs compared to nominal

carbamazepine (CBZ) concentrations over 9 days. ‘‘0’’ carbamaze-

pine treatment denotes water control values only. There were no

significant differences between water controls and CBZ treatments

(p [ 0.05) Numbers at bottom of bars are number of individuals for

each CBZ treatment. Bars are mean ± 1 SE

Fig. 4 Mean molt category for all mayfly nymphs in each carbam-

azepine (CBZ) treatment compared to nominal CBZ concentrations

over 9 days. Categories ranged from 1 to 3, 1 being the newest molt

and 3 the oldest. ‘‘0’’ carbamazepine treatment denotes water control

values only. Numbers at bottom of bars are number of individuals for

each CBZ treatment. Bars are mean ± 1 SE. **Denotes significant

difference between the water control and 2,000 ng/L carbamazepine

treatment (p \ 0.01)
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of the experiment, adult female mass (\40 %) and length

(\9 %) decreased with significant differences occurring

between initial (first 5 days) and final (last 4 days) mea-

surements (v2 = 7.86, df = 1, p = 0.005; v2 = 7.34,

df = 1, p = 0.007; respectively). Adult male length, which

was not different between periods (p = 0.463). Adult male

mass also decreased (*41 %) over the course of the

experiment (v2 = 3.84, df = 1, p = 0.05). Adult male

length was not different between the initial and final

measurements (v2 = 0.54, df = 1, p = 0.463). Addition-

ally, the effects on adult mayfly dimensions were not

dependent on the presence of a food resource (Chaeto-

phora) (p [ 0.05). Over the incubation period (early vs.

late), carbamazepine decreased the mass of adult males and

the length of females but did not influence the mass of adult

females or the length of adult males (p [ 0.05, Fig. 7).

Specifically, the mass of adult male Stenonema at 2 and

200 ng/L carbamazepine was lower relative controls

(v2 = 4.35, df = 1, p = 0.037). In adult female mayflies,

length was lower in control treatments relative to the car-

bamazepine treatment at 20 ng/L (v2 = 4.12, df = 1,

p = 0.042).

Alterations to consumer-resource interactions

Effects on primary consumers

Carbamazepine treatments resulted in no statistically sig-

nificant differences in body mass or length of mayfly

nymphs (p [ 0.05). Overall, the mass (mean = 0.04 g

initial and 0.03 g final) of Stenonema nymphs decreased

25 % throughout the course of the experiment, regardless

of the organismal or carbamazepine treatments. The mass

of mayfly nymphs varied 50 % in both organismal treat-

ments across nominal carbamazepine concentrations

(Table 1).

Nymph length (mean = 10.3 mm initial and 8.2 mm

final) decreased 20 % over the course of the experiment,

across all carbamazepine and organismal treatments. The

length of Stenonema nymphs varied 13 % in the mayfly-

only treatment and 29 % in the combined algae and mayfly

treatment (A ? M) across nominal carbamazepine con-

centrations (Table 1).

Effects on primary producers

There was no significant difference in final mass of

Chaetophora with carbamazepine treatments (p [ 0.05).

Overall, the algal mass (mean = 1.7 g initial and 0.7 g

Fig. 5 Mean molt category of mayfly nymphs over exposure time

(9 days) for the water control and 2,000 ng/L CBZ treatment. Each

data point represents the mean molt category for all Stenonema

individuals in each treatment ± 1 SE

A

B

Fig. 6 Mean number of mayfly nymphs a free-swimming and

b running during monitoring period compared to nominal carbamaz-

epine (CBZ) concentrations over 9 days. Organismal treatments

(A ? M and M) combined. ‘‘0’’ carbamazepine treatment denotes

water control values only. Numbers at bottom of bars are number of

individuals for each CBZ treatment. Bars are mean ± 1 SE. *Denotes

significant difference between the water control and 2,000 ng/L

carbamazepine treatment (p \ 0.05)
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final) decreased 59 % over the course of the experiment,

regardless of carbamazepine or organismal treatments. In

the algae-only treatment, final mass varied 96 % and in

algae and mayfly combined treatment (A ? M) final mass

varied 11 % across nominal concentrations of carbamaze-

pine (Table 2).

Discussion

Carbamazepine had sub-lethal effects on Stenonema

through changes in development and behavior, consistent

with our hypotheses. However, in contrast to our expec-

tations, carbamazepine did not influence consumer-

resource interactions between Chaetophora and Stenonema

(Tables 1 and 2). Previous research has determined that

environmentally relevant concentrations of carbamazepine

are not likely to result in lethal toxicity, which is consistent

with results from this in vitro experiment (Nentwig et al.

2004; Oetken et al. 2005; Dussault et al. 2008; Fig. 3). It

has been demonstrated, however, that carbamazepine has

sub-lethal effects on freshwater organisms altering behav-

ior (Quinn et al. 2008; Brandão et al. 2013), reproductive

success (Lürling et al. 2006; Lamichhane et al. 2013),

feeding rates (Quinn et al. 2008) and development

(Nentwig et al. 2004; Oetken et al. 2005). The observed

sub-lethal effects of carbamazepine on Stenonema may

have been induced by the chemical mode of action of this

pharmaceutical.

Possible chemical mode of action of carbamazepine

Carbamazepine is an anti-epilepsy drug, which is also used

to treat a number of other psychiatric disorders. Carbam-

azepine primarily blocks sodium channels and therefore

reduces the firing of neurons (Porter and Meldrum 2012).

However, carbamazepine also binds to adenosine receptors

(Van Calker et al. 1991; Biber et al. 1999; Porter and

Meldrum 2012). Studies on mammalian tissues have

determined that carbamazepine may antagonize certain

adenosine receptors and could potentially inhibit the

accumulation of cyclic AMP (Van Calker et al. 1991;

Porter and Meldrum 2012). However, the significance of

this secondary mode of action is unknown (Porter and

Meldrum 2012).

Currently, there is little understanding of the physio-

logical effects of carbamazepine in invertebrates (Nentwig

et al. 2004; Oetken et al. 2005). However, assuming that

this pharmaceutical pollutant has the same mode of action

as in mammals, carbamazepine may be an antagonist to

A B

C D

Fig. 7 Mean mass (top panels)

and length (bottom panels) of

adult female (left panels) and

males (right panels) mayflies at

experiment start (first 5 days

exposed) and at the end of the

experiment (last 4 days

exposed) across nominal

carbamazepine (CBZ)

concentrations. ‘‘0’’

carbamazepine treatment

denotes water control values

only. Numbers at bottom of bars

are number of individuals for

each CBZ treatment. Bars are

mean ± 1 SE. *p \ 0.05
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adenosine receptors in invertebrates and alter the accu-

mulation of cyclic AMP (Van Calker et al. 1991). Martin-

Diaz et al. (2009) demonstrated that carbamazepine

reduced cyclic AMP levels and Protein Kinase A (PKA)

activities in glands, gills and mantle in the mussel Mytilus

galloprovincialis. In insects cyclic AMP as a secondary

messenger for molting hormones including ecdysone,

eclosion hormone and bursicon (Delachambre et al. 1979;

Smith et al. 1984; Gilbert et al. 2002; Rewitz et al. 2009).

Therefore, it has been suggested that carbamazepine

influences the synthesis and bioavailability of ecdysone

and alter ecdysis of aquatic insects as seen by Oetken

et al. (2005) and Nentwig et al. (2004). Additionally,

carbamazepine may alter the bioavailability and synthesis

of eclosion hormone and bursicon thereby altering

behavior and sclerotization of aquatic insects, which

could explain the results of our in vitro experiment

(Figs. 4, 5, 6).

The effects of carbamazepine on Stenonema

and Chaetophora

Our in vitro experiment suggests that carbamazepine may

influence Stenonema development with exposed individu-

als experiencing an altered molt cycle (Figs. 4, 5). The

alteration in development is consistent with previous

research. Sediments enriched with carbamazepine nega-

tively affected the emergence of Chironomus riparius by

blocking pupation, which was thought to be due to physi-

ological interference or endocrine disruption in C. riparius

(Oetken et al. 2005). Nentwig et al. (2004) proposed that

carbamazepine interferes with the binding receptors, syn-

thesis or bioavailability of ecdysteroids or juvenile hor-

mone. While the specific mode of action of carbamazepine

in invertebrates is not fully understood, it appears that this

pharmaceutical pollutant retards the development of

aquatic insects.

Stenonema nymphs exposed to carbamazepine in our

experiment displayed an increasing occurrence of abnor-

mal behaviors compared to the controls (Fig. 6). Previous

research on how carbamazepine influences behavior of

aquatic organisms has reported conflicting results. For

instance, De Lange et al. (2006) found that activity of

Gammarus pulex was slightly reduced in the presence of 1

and 10 ng/L carbamazepine compared to controls. Addi-

tionally, Cleuvers (2003) found that carbamazepine

immobilized Daphnia magna at concentrations [100 mg/

L. However, Brandão et al. (2013) found a positive cor-

relation between exposure to carbamazepine and time

Lepomis gibbosus (pumpkin seed fish) spent in motion. The

opposing effects on behavior are likely due to differing

physiological modes of action of carbamazepine across

organismal groups.

In this experiment, carbamazepine altered the body

dimensions of adult mayflies (Fig. 7). Stenonema exposed

to carbamazepine had decreased mass in adult males and

decreased length in adult females. However, carbamaze-

pine did not influence the growth of Stenonema nymphs

(Table 1). Similarly, Lamichhane et al. (2013) found that

carbamazepine decreased body length of Ceriodaphnia

dubia at 264.6 lg/L in the F2 generation. Additionally,

Lürling et al. (2006) determined that 200 lg/L of car-

bamazepine decreased somatic growth rate in Daphnia

pulex. The results presented here suggest that carbamaze-

pine may interfere with growth of aquatic organisms across

multiple life stages.

Research on organic pollutants has demonstrated that

anthropogenic pollutants are known to alter feeding rates of

freshwater organisms. For instance, chronic exposure of

pharmaceutical pollutants, including carbamazepine,

decreased the feeding response of Hydra attenuate (EC50

to carbamazepine = 3.76 mg/L; Quinn et al. 2008) and

oxazepam altered the feeding rate of Perca fluviatilis

(Brodin et al. 2013). Additionally, Alexander et al. (2007)

found that a short exposure (24 h pulse) to 5 lg/L of the

insecticide imidacloprid reduced the feeding rate of Epe-

orus longimanus. However, at our environmentally rele-

vant concentrations of carbamazepine we saw no

significant influence on consumer-resource interactions

between Stenonema and Chaetophora.

Potential ramifications from carbamazepine exposure

Carbamazepine is ubiquitous and persistent in freshwater

ecosystems and aquatic insects are likely exposed

throughout life cycles (Pascoe et al. 2003; Veach and

Bernot 2011; Hughes et al. 2013; Bernot et al. 2013; Fer-

guson et al. 2013). Therefore, it is likely that carbamaze-

pine may have variable effects on exposed individuals.

Because carbamazepine may hinder development (Nentwig

et al. 2004; Oetken et al. 2005), change behavior (Cleuvers

2003; De Lange et al. 2006; Quinn et al. 2008; Brandão

et al. 2013), alter feeding rates (Quinn et al. 2008), reduce

fecundity and decrease body dimensions of aquatic

organisms (Lürling et al. 2006; Lamichhane et al. 2013)

even at ng/L concentrations, continued discharge of this

emerging contaminant may have potential ramifications on

populations, communities and ecosystem dynamics (Malty

1999).

In the case of Stenonema, nymphs exposed to carbam-

azepine had lower molt categories (Fig. 4) and took longer

to complete molt cycles (Fig. 5). Additionally, in car-

bamazepine treatments there was a negative correlation

between molt category and the total number of molts and

emergences, suggesting that carbamazepine delayed

development of Stenonema. Like other aquatic organisms,

The effects of the pharmaceutical carbamazepine 1709

123



ephemeropterans must adjust life history characteristics to

balance the conflicting fitness advantages of survival and

future fecundity (Schluter et al. 1991; Abrams et al. 1996).

Ephemeropterans accelerate development in response to

unfavorable habitat conditions to attain the lowest possible

ratio between mortality and fecundity (Peckarsky et al.

2001; Harper and Peckarsky 2006). So, while carbamaze-

pine may ultimately contribute to habitat degradation, we

saw delayed rather than accelerated development at the

relevant level of exposure.

Additionally, the delay in development (Figs. 4, 5) and

increase in abnormal behavior (Fig. 6) may alter the

predation risk of Stenonema. The vulnerability of mayfly

nymphs to predation is dependent on the molting condi-

tion of an individual. Nymphs in a post-molt condition

may be at a higher risk of predation than individuals in an

inter-molt condition (Soluk 1990). Therefore, Stenonema

exposed to carbamazepine may be at a higher risk of

predation due to prolonged sclerotization. Also, the

increase in abnormal behavior could potentially elevate

the risk of predation of nymphs exposed to carbamazepine

due to a decrease in predator avoidance behavior (Pec-

karsky 1980; Brandão et al. 2013). A heightened risk of

predation could disturb the predator–prey balance, leading

to the overexploitation of Stenonema and ultimately

impacting populations, community structure and ecosys-

tem processes (Bernot and Turner 2001; De Lange et al.

2006).

Lastly, exposure to carbamazepine reduced the body

dimensions of adult Stenonema (Fig. 7). The reduction in

adult body dimensions may be due to acceleration of

development to avoid unfavorable habitat conditions and

maximize overall fitness. Exposure to anthropogenic

contaminants can prompt nymphs to accelerate develop-

ment at the cost of future reproductive success (Alex-

ander et al. 2008; Palmquist et al. 2008; Conely et al.

2009). The result of this accelerated development may

lead to smaller adults, reduced mating success and

altering synchronous emergence of individuals. A

reduction in female body length may result in a decrease

in fecundity through smaller clutch sizes (Conely et al.

2009) as well as diminished egg quality (smaller egg

mass and length; Scrimgeour and Culp 1994; Palmquist

et al. 2008). Also, a reduction in male body mass may

hinder an individual’s ability to compete and lead to a

loss in mating success (Flecker et al. 1988). Lastly,

acceleration of development may influence the synchro-

nous emergence of individuals. Emergence during the

peak time of year results in higher mating success (more

individuals to encounter) and fecundity (larger eggs and

first instar nymphs; Corkum et al. 1997). Overall,

exposure to carbamazepine may affect the fitness of

future generations of Stenonema.

Conclusion

Carbamazepine is one of the most frequently detected

compounds in North America, Asia and Europe. However,

despite the ubiquity of this contaminant, previous research

has not adequately addressed the potential risk to fresh-

water organisms by carbamazepine (Hughes et al. 2013).

Global concentrations of carbamazepine range from 0.5 to

11,561 ng/L in surface waters (Loos et al. 2009; Ferguson

et al. 2013) with a median of 174 ng/L (Hughes et al.

2013). Nevertheless, a majority of the research assessed

responses to carbamazepine concentrations that were

orders of magnitude higher than environmentally realistic

concentrations (Cleuvers 2003; Nentwig et al. 2004; Oet-

ken et al. 2005; De Lange et al. 2006; Lürling et al. 2006;

DeLorenzo and Fleming 2008; Quinn et al. 2008; Brandão

et al. 2013; Lamichhane et al. 2013). This in vitro exper-

iment demonstrated that environmentally relevant con-

centrations of carbamazepine could have chronic effects on

Stenonema and Chaetophora. While data obtained from

these types of in vitro experiments are useful in under-

standing the effects of anthropogenic stressors, the results

commonly underestimate the sensitivity of freshwater

organisms in situ (Buchwalter et al. 2007; Clements et al.

2013). In order to fully understand the effects carbamaze-

pine has on freshwater ecosystems, more research focusing

on chronic exposures of this pharmaceutical pollutant at

environmentally relevant concentrations is needed (Murray

et al. 2010; Rosi-Marshall and Royer 2012; Hughes et al.

2013).

Acknowledgments We thank James Jarvis, members of the Bernot

laboratories, Jamie Lau, Julia Backus, Nicole Woodall and Dr. Gary

Dodson for support and the Indiana Water Resources Research

Consortium subaward from the US Department of Interior, US

Geological Survey as part of the federal Water Resources Research

Act of 1984 (Program 104B) for funding as well as two anonymous

reviewers for helpful feedback on an earlier version of the manuscript.

Conflict of interest The authors declare that they have no conflict

of interest.

References

Abrams PA, Leimar O, Nylin S, Wiklund C (1996) The effect of

flexible growth rates on optimal sizes and development times in

a seasonal environment. Am Nat 147:381–395

Alexander AC, Culp JM, Liber K, Cessna AJ (2007) Effects of

insecticide exposure on feeding inhibition in mayflies and

oligochaetes. Environ Toxicol Chem 26:1726–1732

Alexander AC, Heard KS, Culp JM (2008) Emergent body size of

mayfly survivors. Freshw Biol 53:171–180

Bernot RJ, Turner AM (2001) Predator identify and trait-mediated

indirect effects in a littoral food web. Oecologia 129:139–146

Bernot MJ, Smith L, Frey J (2013) Human and veterinary pharma-

ceutical abundance and transport in a rural central Indiana stream

1710 A. L. Jarvis et al.

123



influenced by confined animal feeding operations (CAFOs). Sci

Total Environ 445–446:219–230

Biber K, Fiebich BL, Gebicke-Härter P, van Calker D (1999)

Carbamazepine-induced upregulation of adenosine A1-receptors

in astrocyte cultures affects coupling to the phosphoinositol

signaling pathway. Neuropsychopharmacology 20:271–278

Brandão FP, Rodrigues S, Castro BB, Gonçalves F, Antunes SC,
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